To meet the terms of the 2015 Paris Agreement, the global energy system must be entirely decarbonized by the end of this century. Two scenarios have been developed: a reference case (REF) and an advanced 100% renewable energy scenario (ADV). ADV reflects the trends in global energy systems and will decarbonize the entire energy system by 2050. Those results are compared with the IPCC AR5 450 ppm scenarios, in terms of the 2050 energy demand projections-primary and final energy-and the demands for the transport and building sectors because they are important in urban environments. The results are further discussed with regard to the impact on urban infrastructures and the role of megacities in the global energy consumption pattern. Under the assumption that urbanization rates will remain at the 2015 level until 2050, the annual energy demand for buildings in urban areas is expected to increase by 27 EJ under the reference scenario (REF), from 57 EJ to 84 EJ per year, whereas ADV would lead to an overall reduction to 46 EJ per year by 2050, while the population and GDP continue to grow. Overall, the global energy demand in the transport sector is expected to increase by over 60% by 2050 under REF, whereas the deep mitigation pathway (ADV) reduces the transport energy demand below that of the base year, to 70 EJ per year. This is a significant reduction, even compared with other 450 ppm scenarios, and can be achieved by a drastic shift to electric mobility in response to vehicle efficiency standards, a phasing-out of combustion engines in the transport sector by 2030, and a modal shift in favor of urban public transport. The global energy demand for the building sector in ADV shows a smaller deviation in comparison to other 450 ppm scenarios than that for the transport sector. 
•
The projected electricity demand for 2050 varies significantly, between 65,000 TWh/yr and 25,000 TWh/yr
The presented low-carbon ADV scenario combines 100% renewable energy for all sectors with high efficiency • 100% renewable energy scenarios use high electrification rates for transport and the heating sector
Background to the mitigation scenarios presented
Article 2 (a) of the 2015 Paris Agreement [1] states that "Holding the increase in the global average temperature to well below 2°C above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels, recognizing that this would significantly reduce the risks and impacts of climate change (…)".The objective of this paper is to compare various deepmitigation scenarios that use the whole range of energy technologies-including carbon capture and storage (CCS) and nuclear-with a scenario that only uses renewable and energy-efficient technologies. The focus is on projected energy demand for urban buildings and transport, the resulting emissions and the possible impacts on the urban infrastructure. The German Aerospace Center developed the Energy [R]evolution 2015, a global 100% renewable energy scenario [2] **, in close cooperation with Greenpeace and renewable industry associations. The climate mitigation pathway presented here further increases the proportion of renewable energy relative to the Energy [R]evolution scenarios published earlier [3] , [4] (which served as the baseline mitigation scenario in Edenhofer et al. [5] ) from 80% to 100% by 2050, phasing out energy-related CO 2 entirely by 2050. The assumptions and results of this pathway are compared with the results of other climate mitigation pathways from the AR5 database [21] .
Key questions addressed in this paper:
1. What developments are required to meet the energy demand and renewable energy supply for a 100% renewable energy pathway? 2. What are the possible changes in the urban building energy demand? 3. What are the potential impacts of 100% renewable energy pathways on urban infrastructures? In this paper, we present the methodology, assumptions, and key results of two global scenarios and compare them with those of AR5 scenarios. A subsequent section focuses on urban environments.
Methods and assumptions
The scenarios The scenarios have been developed using the Mesap/PlaNet simulation model. Mesap/Planet contains a detail-rich description of the entire energy system -from useful energy to primary energy demand in the industry, transport, buildings and transformation sectors. Main model parameters are calibrated with the IEA energy balances in the past. The forward projection of those model parameters takes into account various technical, economic and social constraints and interdependencies between sectors and technologies as well as results and insights from other (modelling) studies. In this way, Mesap/PlaNet allows taking into account broad expert knowledge when developing target-oriented energy scenarios. A more detailed description can be found in Schlenzig [6] . The Reference case (REF) is used as the baseline scenario for comparison with other scenarios and is based on the Current Policies scenarios published by the International Energy Agency (IEA) in World Energy Outlook 2014 [43] . It considers only existing international and national energy and environmental policies. Its assumptions include continuing progress in electricity and gas market reforms, the liberalization of cross-border energy trade, and recent policies designed to combat environmental pollution, without additional climate policies. The IEA's projections to 2040 are extended by extrapolating their key macroeconomic and energy indicators forward to 2050, on the assumption that these parameters will continue to follow the presumed trends between 2035 and 2040 over the following decade. The Advanced Energy [R]evolution (ADV) scenario includes significant efforts to fully exploit the large potential for energy efficiency using mandatory efficiency standards. At the same time, various renewable energy sources are integrated to a large extent for heat and electricity generation and the production of biofuels and hydrogen for the transport sector. The latter will require a strong role for hydrogen and other synthetic fuels in heavy-duty vehicles, shipping, and aviation, complementary to electric battery vehicle concepts for passenger cars, and (limited) biofuels. Furthermore, in the heating-and cooling sector, electricity will play important roles. In ADV, hydrogen plays a minor role in the building sector (2% by 2050) and is used to substitute for natural gas. In the power sector, natural gas will also be replaced by hydrogen. CCS technologies have not been taken into account in the ADV.
Methodology, approach, and main premises ADV is a target-oriented scenario developed with a primarily "bottom-up" approach (technologydriven). Presumed increases in population, GDP, specific energy demands, and the deployment of renewable energy technologies are important drivers. The supply scenarios were calculated using an accounting framework [6] , and the methodology has been also documented in Giles et al. [7] . The model has been applied to develop five global energy scenarios between 2004 and 2015 and over 50 national and regional scenarios.
REF and related specific data -such as efficiencies, load factors, and demand intensities -are based on the Current Policies scenario published by the IEA in World Energy Outlook 2014 and uses the same regional breakdown in 10 world regions (see Appendix Table 14 ).
The energy demand projections and efficiency potentials for ADV are based on Graus et. al. [8] , [9] , involving a global annual reduction in energy intensity of 3.55% in ADV, compared with 1.85% in REF. The annually utilized bio energy will be limited to 80 EJ by 2050, to meet Greenpeace sustainability criteria. This amount is based on a global bio energy assessment survey [10] . The expansion of renewable energies defined in ADV are based on recent technology trends [11] *, regional renewable energy potentials, current and future deployment costs [12] , [13] , and market development projections of the renewable energy industry [14] , [15] , [16] , [24] , [17] , [18] . In ADV, the annual markets for the dominant renewable power generation technologies will maintain the annual growth rates of the past decade (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) until 2030 to sustain the expansion rates of the renewable energy RE industry, and will decline to one-digit values between 2030 and 2050 (Table 17 , appendix). The annual market for solar photovoltaic systems will increase from 51 GW in 2015 to 280 GW by 2050; that for concentrated solar power plants will increase from around 1 GW to 96 GW, and that for wind power from 64 GW to 250 GW by 2050. The model uses annual growth rates for all supply technologies. The future development pathways for cars and other transportation technologies are based on Schmidt et al. [19] and demand development is calculated from energy intensities based on Oezdemir et al. [44] .
Population development: The IEA World Energy Outlook 2014 [43] and the ADV scenario were calculated with an average global population growth of 0.8% per year over the period 2015-2050, increasing from 7 billion to 9.9 billion people by 2050 (Table 13) , based on the UN DESA World Population Prospect 2012 (medium fertility variant) [20] . Later UNDESA editions have not been taken into account.
Economic growth is a key driver of energy demand. The average increase in the global gross domestic product (GDP) between 2012 and 2025 is assumed to be 3.4%. The projections based on the regional breakdown until 2050 [43] are shown in Table 14 .
Methodology: Calculation of urban building energy demand IEA [26] uses a breakdown in transport, industry, and other sectors. Other sectors are further subdivided into residential, commercial, and public services buildings, agriculture and forestry, fishing, and 'non-specified'. REF and ADV use the statistical breakdown of the percentages for each region and sector for their projections to 2050, and do not include further sector-specific projections. In this paper, we focus on the transport and building sectors.
Based on IEA [26] , the final energy demand for residential, commercial, and public services buildings was calculated from regional populations and urbanization (see Table 1 ). The results are presented under the term "buildings". This pragmatic methodology leads to inaccuracies, mainly because the different subdivisions have different savings potentials in all 10 regions. However, a more detailed analysis would have exceeded the scope of this study, but further research is required. The World Bank database [41] provides urbanization rates for 2015 (see Table 1 The use of a constant urbanization rate may lead to an underestimate of the future urban energy demand for building, because a United Nations analysis [42] has suggested that urbanization rates are likely to increase. Therefore, the results are conservative estimates and further research is required.
Global results: comparing different mitigation pathways
The detailed results of the 100% renewable energy pathway ADV are compared -as far as possiblewith the 450 ppm scenarios published in the IPCC database [21] **, derived with the following models: Ecofys, IMAGE 2.4, Message V4, MiniCam_EMF22, and REMIND 1.5. The transport projections are also compared with IMACLIM V1.1 and POLES EMF27 because these parameters are not available in the previously mentioned models.
Energy demand development:
Under the REF scenario which is based on the IEA Current Policies scenario, the total final energy demand will increase by 65%, from the current 326.9 EJ/yr to 539 EJ/yr in 2050. ADV will lead to a peak demand in 2020, with a total consumption of 355 EJ/yr (7% below that of REF), which will remain at that level for about a decade. With the fast electrification of the transport sector, and the greater role of public transport, the overall final energy demand will drop below current levels before 2040 and reach 279 EJ/yr by 2050 (15% below the current global demand). TWh/yr will be used in 2050 for electric vehicles and rail transport, around 5,100 TWh/yr for hydrogen, and 3,600 TWh/yr for synthetic liquid fuel generation for the transport sector (excluding bunkers). The electricity share of the total final energy demand will increase from 23% in 2015 to 52% in 2050 in ADV, but to 28% in REF. The ADV projection is consistent with most AR 450 ppm scenarios (Table 3) . Reducing global heat demand in buildings: Under ADV, consumption equivalent to about 76 EJ/yr will be avoided through efficiency gains by 2050 compared with REF. This is attributable to energyrelated renovation of the existing stock of residential buildings, the introduction of low energy standards for buildings and electrical appliances, the 'passive climatisation' of new buildings, and highly efficient air-conditioning systems.
Model
Heating supply: The proportion of renewable energy in ADV will increase from 21% to 43% of the global heat demand in 2030 and to 94% in 2050. Up to 2030, biomass will remain the main contributor to the growing market share. After 2030, the continuing growth of solar collectors and the growing proportions of geothermal and environmental heat and heat from renewable hydrogen will further reduce fossil fuel consumption. ADV will result in the complete substitution of the remaining gas consumption (2% in 2050) by hydrogen generated from renewable electricity.
Electricity generation: By 2050, the proportion of global renewable power generation will reach 100% in ADV. Wind, photovoltaic (PV) systems, concentrated solar power (CSP), and geothermal energy will contribute 72% of the total electricity generation, whereas hydro power will supply 7%. By 2025, the proportion of renewable power generated will reach 47%, and 64% by 2030. The installed capacity of renewable energy will reach about 9,500 GW in 2030 and 23,600 GW by 2050. ADV will result in a high proportion of variablepower-generating sources (PV, wind, and ocean), reaching 36% by 2030 and 55% by 2050.
Transport: The REF transport energy demand will increase by around 65% from 90 EJ/yr in 2012 to 148 EJ/yr in 2050. In comparison, ADV will save 62% (92 EJ/yr) in 2050. By 2030, electricity will provide 19% of the transport sector's total energy demand, whereas in 2050, the share will be 52% in ADV. Hydrogen and other synthetic fuels generated with renewable electricity are complementary options that will further increase the proportion of renewable energy used in the transport sector. In 2050, ADV assumes 14 EJ/yr of hydrogen in the transport sector. The transport demand for ADV is by far the lowest of all the AR5 450 ppm scenarios (Table 4) . A breakdown of road, rail, aviation, and marine transport demands is not available from the AR5 scenario database, so no further comparison is possible. ADV will reduce the final energy demand for road transport by 49% and increase that for rail by 300%, whereas those for navigation and aviation will remain constant until 2050. [23] and Brown et al. [25] *. In particular, the feasibility of integrating large quantities of variably generated power (solar and wind), transmission requirements, and ancillary service requirements are debated. Brown et al. [25] address these concerns and provide concrete examples in which renewable power generation already provides almost 100% of regional electricity demands, such as in Paraguay (99%), Norway (97%), and Costa Rica (93%) In 2016, the highest variable renewable electricity shares were in Denmark (37.6%), Ireland (24%) and Portugal (19.7%) [24] , [25] where synchronous generators from state-of-the-art wind turbines, as well as solar photovoltaic systems and storage units, were "coupled to the grid with inverters, which have no inherent inertia and low fault current, but can control voltage with both active and reactive power." However, further research is required and systems analyses should be undertaken in the future for all climate-mitigation pathways, not only those with high proportions of renewable energy.
Urban climate mitigation pathways
Cities are home to over half the world's population (3.96 billion people), which is expected to increase to 5.1 billion by 2030 [42] . The technical requirements for 100% renewable energy trajectories for urban environments will shape future infrastructural requirements. In the following section, we provide a brief overview of the energy demand projections for the presented trajectories and their expected impacts on infrastructural needs in urban areas. We again compare global sectorial results with those for selected 450 ppm scenarios (see section 3).
Energy demand pathways for the building sector
In most world regions in the base year 2012, the residential energy demand was larger than the commercial and public services demands (except in OECD Asia Oceania).
Fuel and heat use represent the largest share of the total final energy demand in this sector. The share ranges from 51% for OECD North America to 95% for Africa. The residential sector has the largest enduse of fuels and heat, ranging between 44% in OECD Asia Oceania to 91% in Africa. Although residential buildings use a larger share of fuel and heat than commercial buildings, the consumption of electricity is more evenly spread over the subsectors: 48% of electricity is used in residential buildings, 40% in commerce and public services, and the remainder in other economic activities. The use of electricity in the services sector depends strongly on the region, and ranges from 16% in India to 55% in OECD Asia Oceania 
High-efficiency pathways for urban buildings
The energy efficiency pathways for buildings in ADV will reduce the electricity demand by 33% and fuel use by 46%, compared with REF, in 2050. Compared with 2012, the global fuel use in this sector will decrease from 92 EJ/yr to 62 EJ/yr, whereas electricity use will show a strong increase from 38 EJ/yr to 58 EJ/yr. The final energy demand in the building sector per region will decrease in absolute terms. Although there will be substantial energy reductions in OECD regions, most developing countries will further increase their energy demands, especially for electricity. Table 6 shows the direct results for REF and ADV, whereas the estimated urban demands for buildings provided in Table 8 A drastic global reduction in the transport energy demand under ADV, decreasing below the base year demand to 70 EJ/yr, will be possible under the assumed combination of significant technical efforts-especially in terms of electrification-and a significant reduction in energy through modal shifts (see Table 9 ), a result of significant improvements in public transport, especially in urbanized areas.
Deep mitigation pathway-changes required in the transport sector with a specific focus on urban areas
The following measures are discussed as suitable to reduce the transport demand in urbanized areas:
• mixed-use developments that form mixedmodal urban hubs that are easily accessible destination points [27] Urban planning and urban transport policies play a key role in this concept, especially with regard to the modal shifts from road to all forms of public transport. Freight transport in urban areas involves small-to-medium-scale delivery vehicles, and their specific energy demand in MJ per tonnes kilometer is assumed to decrease significantly from around 5 MJ/t-km to 2.2 MJ/t-km [44] .
Changes in transport modes
Optimized public transport aims to reduce congestion and integration of walkways. [44] There are large differences in the specific energy consumption of transport modes: passenger transport by rail bound vehicles for example will consume 28% less energy than light-duty vehicles in 2050. The vehicle efficiency data that were used for REF and ADV are based on Oezdemir [44] and are presented in the appendix Table 19, Table 20 , Table  20 , Table 21 and Table 22 . 
Decentralized and centralized generation systems in urbanized areas
The installation of renewable energy systems within urbanized regions and their contribution to supply in those regions are still minor and the technical potential for renewable energy varies significantly under different geographic and meteorological conditions. Decentralized renewable energy systems will play a major role in the implementation of ADV, tapping the technical and economical potential of a whole range of renewable energies. Solar photovoltaic generation and solar thermal systems for water and room heating can be installed on roofs and facades, and over rails, roads, and parking spaces, and devices can be floated on water reservoirs. An analysis of the city of Sydney, a 27 km 2 area with a population density of 8,000 people per km 2 , found that "an area equal to 40% of the available roof surfaces could be used to accommodate PV, corresponding to 619 MW peak of potential PV capacity with an expected annual yield of 777 GWh. This equates to 22% of the 3,588 GWh of load in the central-business district (CBD)". The resulting savings in potential CO 2 -equivalent emissions would be around 618 kt per year [29] . Another analysis of Apeldoorn, in the Netherlands, a city with a population of 157,700 people and a density of 464 persons per km 2 , concluded that the total estimated solar photovoltaic roof-top potential within the city limits could reach 319.9 MW peak , with the annual generation of 283.4 GWh/yr, enough to supply the entire city with electricity [30] . Cities located near the coast may benefit from offshore winds and also, in the future, from ocean energy technologies currently under development [31] . The active involvement of civil society in planning resilient and sustainable cities will be crucial in increasing public acceptance and accelerating public participation. In 2000, Copenhagen was the first capital city to participate in a large offshore wind farm project only 2 km from the city coastline. The offshore wind farm "Middelgrunden" consists of a slightly curved line of 20 turbines, each with a generator size of 2 MW, and was built in a partnership between the municipality and local shareholders [32] .
Furthermore, district heating schemes based on geothermal heating technologies to harvest geothermal energy within urban areas can be significant. Zhu et al. [33] concludes that within the city of Shanghai, the existing heat content in the urban aquifer is at least 22 times the annual heating demand of the city.
Infrastructural changes in urban areas
ADV will increase the average global share of variable renewables from 3% in the base year to 24% in 2030 and to over 50% after 2040. In parallel, the electricity share of the transport sector will increase by a factor of 6 by 2025. The overall energy demand of the rail sector will increase by a factor 3, and the electricity demand of road transport will increase from under 0.1% to 53% in 2050. These shares will vary significantly across regions. Regions with high and still increasing urbanization rates will have to substantially alter their infrastructures to implement the technologies presented in ADV. The effect of adding renewable power generation to a conventionally centralized power system will affect the way in which the system runs. The impact will depend on the share of renewable energy technology [34] , [35] . A brief overview of the possible impacts of 100% renewable energy supply systems on urban infrastructures is presented in the next section. Efficient 100% renewable heating: infrastructural requirements for urban areas As outlined in ADV, a 100% renewable heating system will involve increased amounts of electric heating systems, such as heat pumps, as well as solar collectors. With high population densities, residential roof space is limited. Therefore, the roof space of commercial buildings might be used for solar installations and the heat transported via district heating pipelines, while geothermal and bio energy heating technologies provide additional capacities. The existing infrastructure of the gas sector can potentially be converted to biogas and/or hydrogen systems. The impact on the urban infrastructure will be threefold: 1. Increased use of electric heating systems will increase the electrical load demand of buildings, which might require the enforcement of distribution grids [36] . 2. Expansion and/or implementation of district heating and/or cooling pipelines to distribute renewable heat. Denmark is among the leading countries to expand its district heating network. In 2013, 63% of the heating demand in private Danish houses was provided by district heating systems [37] . 3. Conversion of existing gas pipelines to distribute hydrogen will depend on the actual pipeline material used, for example, polyethylene pipelines [38] . Individual technical analyses of the existing pipelines will be required to assess possible future costs.
Increased decentralized power generation: infrastructural requirements for urban areas
A high density of distributed power generators, mainly composed of individual PV systems in a low-kilowatt capacity range, can exert a megawatt impact on single substations. This can result in a reverse load flow when generation exceeds demand within a cluster of the distribution grid. In that case, the surplus electricity must be exported to other regions of the grid. Substations will require specific upgrades to manage such reverse flows, which are further documented in Chojnowski et al. [39] .
Electric mobility: requirements for urban infrastructure • Modal shift: expansion of light rail systems will require the expansion of tracks and related infrastructure.
• Expansion of charging stations for individual electric vehicles in publicly accessible parking areas and privately owned charging stations will significantly change the distribution of load within existing distribution grids. Technical requirements will vary significantly, depending on local conditions [40] . The examples described above only outline a small fraction of the possible future requirements for urban planning. A comprehensive analysis is required, but is not within the scope of this paper.
Estimated carbon emissions from urban buildings
The regional energy-related carbon emissions from urban buildings were calculated based on the projected building energy demands shown in Table  6 and Table 8 under all the analyzed scenarios varies significantly, between 65,000 TWh/yr and 25,000 TWh/yr. This is mainly attributable to the different electrification rates for transport and the heating sector.
• 100% renewable energy scenarios, like ADV presented here, use high electrification rates for transport and the heating sector.
• 100% renewable energy scenarios tend to be dominated by solar PV systems and wind power generation.
The urban perspective
In 2015, urban regions housed around 54% of the global population (Table 1 ) [41] and played a key role in the implementation of building standards.
Although the high population densities and resulting land scarcity are challenging for the installation of renewable energy generators, they are advantageous for the implementation of efficient public and electric transport systems.
The projected energy demands for the building sector in 2050 in all the 450 ppm scenarios analyzed varied significantly less than those in the transport sector. Most will stabilize at the 2020 level, assuming that the increased demand of a growing population and efficiency measures correspond. However, the level of electrification in the heating sector varied significantly.
In the ADV scenario, the energy demand for urban buildings is reduced from 57 EJ/yr in the base year to 46 EJ/yr in 2050. Thus, the energy demand in urban areas is expected to decrease by 20% below the 2012 demand, whereas the global population will continue to increase to 9.9 billion people, an increase of 40% relative to the base year. Renewable power and heating, predominantly solar and wind energy, and a wide range of energy-efficient technologies across all sectors, to reduce both demand and building materials, are expected to be key factors in achieving complete decarbonization. The total CO 2 reduction potential for urban buildings is estimated to be around 35 Gt CO 2 .
To reduce demand, key interventions for policy makers include energy efficiency standards for electrical appliances, transport technologies, and buildings. These efficiency standards should reflect the assumed energy intensities of low-carbon pathways.
ADV achieved a demand reduction for the transport sector, using modal shifts towards public transport, strict efficiency standards for vehicles and a shift towards electric mobility. To achieve a significant reduction in demand in the transport sector, the average energy intensity for cars should significantly decrease (as e.g. in ADV from 1.40 MJ per passenger kilometer [MJ/p-km] to 0.26 MJ/pkm), which is only possible if fossil-fuel-based combustion engines are phased-out for new cars. In ADV, the annual passenger kilometers are expected to increase by 370% for rail bound systems, but by only 65% for cars. Table 19 and Table 20 in the annex provide a detailed breakdown of the transport energy intensities per mode. No comparison with AR5 450 ppm scenarios is possible because the energy intensities for vehicles are not available.
Significant alteration of urban infrastructure in regard to public transport, electric mobility and accessibility for pedestrians and bicycle use are required in order to achieve both a significant modal shift and a significant share of "new" car technologies. The interconnection of urban infrastructures will require systems thinking and future planning to take new technology developments into account.
To achieve the energy related carbon emission targets of the Paris agreement the implementation of highly energy efficient buildings and transport systems in urbanized areas are mandatory and without alternative in all analyzed mitigation scenarios.
Limitations
To compare mitigation pathways, the AR5 database must be expanded, especially in terms of the energy intensities for specific technologies and detailed sectorial data. The latest actual statistical data for all parameters should be included. The quality of the data is a limiting factor in modeling specific sectorial energy pathways, such as those for urban environments. However, the level of detail in ADV, and also in the analyzed AR5 scenarios, is limited, especially with regard to urban transport. Furthermore, global energy assessments for freight transport, within and between world regions, are not part of the climate-mitigation scenarios and are therefore only qualitative. In addition, model assumptions influencing scenario results such as technology costs, utilization and efficiency are not contained in the database as well.
The feasibility of large proportions of variable renewable energy in power grids is currently under critical discussion in the scientific literature. A systems analysis that includes infrastructural requirements is necessary for future mitigation pathways to allow comprehensive cost-benefit analyses. ADV and all the scenarios of the AR5 database analyzed here only calculate energy balances for an entire year, and not on an hourly basis. Table 22 : Energy Intensities and potential for passenger transport [44] 
